This study investigated the age effect on antioxidant adaptation to muscle disuse. Adult and old rats were randomized into 4 groups: weight bearing (control), 3 days of hind-limb unloading (HU), 7 days of HU, and 14 days of HU. Activities of Cu-Zn superoxide dismutase (SOD), catalase, and glutathione (GSH), as well as GSH peroxidase levels were measured in the soleus. Neither disuse nor aging changed the activity of Cu-Zn SOD. The old rats had greater GSH peroxidase activity, whereas the activity of catalase had a compensatory increase with disuse, independent of age. Reduced GSH level and total glutathione (tGSH) level had age-related change with disuse. In old rats, the GSH and tGSH levels were lower with disuse, whereas the levels remained stable with disuse in adult rats. The depletion of intracellular GSH and tGSH levels of muscles from aged animals with disuse may make aged muscles more susceptible to oxidative damage.
I
NDIVIDUALS who are restricted to bed rest due to severe trauma (e.g., brain injury or complicated fracture) or serious disease (e.g., renal disease) are prone to experience muscle atrophy and weakness (1) . This disuseinduced muscle dysfunction is thought to be related to the intracellular oxidative stress of the muscles (2) (3) (4) . Oxidative stress develops when the production of oxidants exceeds the scavenger capacity of the antioxidant system. Support for the disuse-induced oxidative stress is found in investigations using young animals. These studies report increased oxidant production (5) (6) (7) (8) , antioxidant adaptations (5, 9, 10) , and the accumulation of oxidatively modified proteins (9) with muscle disuse.
The aging process is associated with increased oxidative stress. Numerous studies have shown that muscles from aged animals exhibit enhanced oxidative stress, characterized by lipid peroxidation, protein oxidative modification, and DNA damage (11) (12) (13) . Muscle cells are able to adapt and respond to this increased oxidative stress by altering the expression of antioxidant enzymes. Several studies have demonstrated that the activity of antioxidant enzymes are increased in the aged muscles (11, (13) (14) (15) (16) .
Although the antioxidant systems have the ability to adapt in the presence of increased oxidative stress, the adaptation may be influenced by the age of the animals. For example, the study of Leeuwenburgh and colleagues (15) found that exercise training increased the activity of antioxidant enzymes in muscles from young rats, but not in the muscles from aged rats. Other age-dependent responses are also observed in muscles following periods of disuse. Siu and colleagues (17) found that the level of heat shock protein 27, an antiapoptotic protein, increased in muscles from young animals following disuse but not in aged animals. Studies by Thompson and colleagues (18) found that hind-limb unloading deteriorated the muscle function in both adult and old animals. However, this muscle function deterioration was more pronounced in old animals. In addition, they also showed that the ability of aged muscles to maintain the ratio of force to fiber size during hind-limb unloading was compromised (19) . It is unknown whether adaptations of the antioxidant systems to muscle disuse are age-dependent and contribute to the different responses observed in muscle function.
The aim of this study was to investigate the influence of age on the ability of skeletal muscle tissue antioxidants to adapt to disuse. Based on the age-related responses in muscle function to disuse and to the already enhanced antioxidant capacity in aged muscles, we hypothesized that the adaptation of antioxidant systems to muscle disuse is age-dependent. The soleus muscle was chosen to be investigated in this study because it (a) is composed predominately of type I fibers, (b) is an antigravity, weight-bearing muscle, and (c) shows physiological and biochemical adaptations with unloading (5, 18, 20) . The novel finding of this study was that, unlike the muscles from adult rats (13 months), which can maintain the intracellular glutathione (GSH) level at the control level after 14 days of muscle disuse, the GSH level in the muscles from aged rats (26 months) is reduced dramatically with disuse. This compromised antioxidant capacity of the aged muscles may be associated with the age-related responses of muscle functions with muscle disuse.
METHODS

Animals and Hind-Limb Unloading
Fifty-six male Fischer 344 rats aged 13 months (100% strain survival) (n ¼ 28) and 26 months (25% strain survival) (n ¼ 28) were purchased from the Minneapolis Veterans Administration Aged Rodent Colony. These rats were randomized into four groups: normal weight bearing (control), hind-limb unloading for 3 days (3d HU), hind-limb unloading for 7 days (7d HU), and hind-limb unloading for 14 days (14d HU). The hind-limb unloading intervention was achieved by attaching the tail of the rat to a swivel mounted at the top of the cage. The height of the suspension was adjusted to prevent the hind limbs from contacting the floor. This arrangement permits animals to walk around with their forelimbs while hind limbs are unloaded. All the animals were housed in a research animal facility and were checked daily for any abnormal response to suspension. The protocol of this study was approved by the University of Minnesota Institutional Animal Care and Use Committee.
Tissue Preparation
The rats were anesthetized with pentobarbital sodium (35 mg/kg body weight) after the intervention. Soleus muscles were harvested, weighed, and immediately frozen in liquid nitrogen. The frozen soleus muscles were stored in a À808C freezer until homogenization. To measure enzyme activities of catalase and GSH peroxidase, soleus muscles were homogenized in buffer containing 20 mM 3-(4-morpholino) propane sulfonic acid (MOPS), 62 mM sucrose, and 0.1 mM EDTA (pH 7.2). The supernatant that contained the extracted protein was collected after centrifuging at 12,000 g for 25 minutes. Protein concentration was then measured by the Bradford method. For measurement of GSH content, soleus muscles were homogenized in 1% picric acid. The supernatant was collected after centrifuging at 12,941 g for 30 minutes (21, 22) .
Enzyme Activity Measurement
Catalase activity.-Catalase activity was determined spectrophotometrically (23) by measuring the breakdown of hydrogen peroxide at a wavelength of 240 nm for 5 minutes at 308C. Briefly, assay medium containing 0.34% hydrogen peroxide, 50 mM potassium phosphate monobasic, and 50 mM sodium phosphate dibasic (pH 7.0) was added to the samples to initiate the reaction as previously described (21, 22) .
GSH peroxidase activity.-GSH peroxidase activity was determined spectrophotometrically (24) by measuring the oxidation of NADPH at a wavelength of 340 nm, 308C for 5 minutes. Briefly, samples were incubated in an assay medium containing 50 mM Tris-EDTA buffer, 1 mM reduced GSH, GSH reductase at 5 U/mL, and 0.15 mM NADPH for 15 minutes. The reaction was then initiated by adding t-butyl hydroperoxide as previously described (21, 22) .
Cu-Zn superoxide dismutase activity.-Cu-Zn superoxide dismutase (SOD) activity was determined using spectrophotometric assay (Bioxytech, Portland, OR).
Level of total glutathione, reduced GSH, and reduced to oxidized GSH ratio.-The GSH level was determined based on the standard curve, which was generated from the known concentrations of GSH and the formation of 2-nitro-5-thiobenzoic acid measured spectrophotometrically at a wavelength of 412 nm (25) using previously described procedures (21) . Briefly, the reaction was initiated by adding GSH reductase to the medium containing 125 mM phosphate-EDTA buffer, 0.3 mM NADPH, 6 mM 5,59-dithiobis-(2-nitrobenzoic acid) (DTNB), and different amounts of reduced GSH. To measure oxidized glutathione (GSSG), 4-vinyl pyridine was added to the sample and incubated for 1 hour. This incubation conjugated the reduced GSH in the sample; therefore, only oxidized GSH could reduce to GSH. The GSH level was determined by standard curve, and the GSSG level was calculated. The intracellular total glutathione level (tGSH) was indicated by GSHþGSSH. The ratio of reduced to oxidized glutathione (GSH/GSSG), which represented total tissue oxidative stress, was then determined.
Statistics
Data were presented as mean 6 standard error of the mean. Two-way analysis of variance (ANOVA) was used to determine the effect of aging and hind-limb unloading on the antioxidant system in the soleus muscle from rats. Tukey's honest significant difference test was used as a post hoc test when the main effect of aging or hind-limb unloading reached significance. A significant difference was considered achieved when p , .05.
RESULTS
Activity of Cu-Zn SOD
Cu-Zn SOD is an isoform of SOD that exists in the cytosol and converts superoxide anions to hydrogen peroxide. Neither hind-limb unloading nor aging changed the activity of Cu-Zn SOD (range: 18.06-29.27 U/mg protein). The activity of Cu-Zn SOD in the soleus muscle from both adult and old rats remained stable with hind-limb unloading.
Activity of GSH Peroxidase
Hind-limb unloading did not change the activity of the antioxidative enzyme, GSH peroxidase. However, the activity of GSH peroxidase was significantly affected by age. The soleus muscle from old rats had greater GSH peroxidase activity than did the muscle from adult rats (Figure 1 ). The soleus muscle from old rats had 28% greater GSH peroxidase activity compared to the value seen in the adult muscle.
Activity of Catalase
Catalase, an antioxidant enzyme that degrades hydrogen peroxide to water, reduces the H 2 O 2 concentration of the cells. Hind-limb unloading altered the activity of catalase in the soleus muscles from rats, independent of age (Age 3 HU, p ¼ .170). Catalase activities of the 7d HU and 14d HU rats were 22% and 30% greater, respectively, than the rats with weight bearing (control group) (Figure 2 ).
GSH Level
Hind-limb unloading affected the GSH level in the soleus muscle; however, the effect depended on the age of the rats (Age 3 HU, p ¼ .004) (Figure 3 ). In adult rats, the GSH level of soleus muscles remained stable with hind-limb unloading. In old rats, the GSH level of muscle with 14 days of hind-limb unloading was 1.21 6 0.15 mmol/g protein, which was significantly lower than the level of muscle with weight bearing and both 3 days and 7 days of hind-limb unloading (3.00 6 0.24, 2.39 6 1.67, and 3.14 6 0.24 mmol/g protein, respectively).
In addition to disuse, aging also affected the GSH level. The GSH levels of soleus muscles were 130% greater in the old control rats compared to the level in the adult control rats (p , .001).
tGSH Level tGSH level was the sum of GSH and oxidized glutathione in the muscle tissue. Hind-limb unloading affected the tGSH level in the soleus muscle; however, the effect depended on the age of the rats (Age 3 HU, p ¼ .001) (Figure 4) . In adult rats, the tGSH level of soleus muscles remained stable with hind-limb unloading. In old rats, the tGSH level of muscle with 14 days of hind-limb unloading was 1.37 6 0.27 mmol/g protein, which was significantly lower than the tGSH level of muscle with weight bearing and both 3 days and 7 days of hind-limb unloading (3.29 6 0.20, 2.62 6 0.19, and 3.24 6 0.20 mmol/g protein, respectively).
In addition to disuse, aging also affected the tGSH level. The tGSH levels of soleus muscles were 147% greater in the old control rats compared to the adult control rats (p , .001).
GSH/GSSG
GSH/GSSG tended to decrease with hind-limb unloading, although this change did not reach significance (p ¼ .066). However, this ratio was significantly affected by age. The soleus muscle from old rats had a 38% greater GSH/ GSSG ( Figure 5 ).
DISCUSSION
The aim of this study was to investigate the influence of age on the adaptative ability of the antioxidant systems in the soleus muscle, a muscle composed of predominantly type I fibers, to disuse. We hypothesized that the adaptation of antioxidant systems to muscle disuse is age-dependent. In general, our results show that the antioxidant systems of the soleus muscles from both adult and aged rats did adapt to disuse (hind-limb unloading). Specifically, we found that the age of the rats influences the response of GSH and tGSH levels in the soleus muscle to hind-limb unloading. In adult rats, the levels of GSH and tGSH of muscles under 14 days of hind-limb unloading were not different from the levels seen in the muscles with normal weight bearing. However, the levels of GSH and tGSH in muscles from aged rats under 14 days of hind-limb unloading were approximately 60% lower than the levels seen in the muscles with normal weight bearing.
Age-Related Adaptation of Antioxidant Systems
Aging is associated with increased oxidative stress. Many studies show the age-related increase of lipid peroxidation, protein oxidative modification, and DNA damage (11) (12) (13) . Similarly, the results of the current study suggest that the soleus muscles from aged rats have greater oxidative stress than muscles from adult rats. We find the tGSH level, the GSH level, and GSH peroxidase activity of the aged muscles were 72%, 70%, and 28% higher, respectively, than the values seen in the adult muscles. Although the changes in the antioxidants reveal an enhanced oxidative environment of the cells, the changes demonstrate a positive adaptation of the antioxidant system with aging. This adaptation is positive to the cells because by increasing the content and/or activity of antioxidants, the impact (damage) of the increased intracellular oxidative stress with aging is minimized. Indeed, this positive adaptation is believed to be an important factor to cell survival. The age-related positive adaptation in skeletal muscle is consistent with the work of Leeuwenburgh and colleagues (15) that demonstrated an age-related increase of the GSH level in the soleus muscles.
Activities of antioxidant enzymes, Cu-Zn SOD and catalase, were not different between the soleus muscles of adult and aged rats. The unchanged activity of Cu-Zn SOD and catalase in the soleus muscles with aging in our study is consistent with the findings of several studies that investigated the age related adaptation of antioxidant systems in this same tissue (16, 26) . In contrast, other studies have shown increased activity of Cu-Zn SOD and catalase (16, 27) . The different results of the enzyme adaptation with aging are likely due to the fiber type composition of the muscles that were investigated. For example, Hollander and colleagues (16) measured the age-related adaptation of the antioxidant systems in both type IIb and type I muscles. They found the activities of Cu-Zn SOD and catalase increased in type IIb muscles but remained unchanged in type I muscles with aging. Most likely, chronic oxidative stress can be better managed in type I fibers, which possess greater antioxidant capacity than do type II fibers (28) .
Potential Mechanisms to Explain the Antioxidant Adaptation With Aging
The mechanisms to explain the age-related positive adaptation of antioxidant systems are unknown; however, the adaptation is likely associated with the chronic enhanced oxidative environment (stress). For instance, previous studies show that chronic moderate oxidative stress, such as exercise training and chronic smoking, induces a compensatory increase in GSH levels (29, 30) . The finding of the age-related positive adaptation of antioxidant systems in the current study suggests that muscle cells are under chronic oxidative stress during the aging process.
In the current study, we investigated the response of GSH, tGSH, activity of GSH peroxidase, and GSH/GSSG to muscle disuse in the soleus muscles from both adult and old rats because this antioxidant system is a key pathway to prevent protein damage with oxidative stress. GSH, a tripeptide (c-glutamyl-cysteinyl-glycine) containing a sulfhydryl (ÀSH) group, is a crucial peptide that protects cells from oxidants. This protective function of GSH is achieved by direct conjugation with radicals as well as electron donation in redox reactions. GSH is the substrate in redox reactions, and these reactions are catalyzed by GSH peroxidase. This redox reaction oxidizes GSH to GSSG while hydrogen peroxide and other peroxides are reduced. The generated GSSG is recycled to GSH catalyzed by the NADPH-dependent GSH reductase. Previous studies clearly demonstrate that the GSH to GSSG cycling is crucial in regulating the redox status in the cell, and the intracellular GSH level is related to the redox status of the cells (31, 32) . We found that muscles from old rats have a greater tGSH level, a greater GSH level, and a greater GSH peroxidase activity. In addition, the GSSG level in muscles of old rats is no different from that in muscles of adult rats. The results suggest that the GSH-mediated redox system is up-regulated with aging to maintain the redox balance of the muscle cells.
It is thought that chronic oxidative stress induces an increase of intracellular GSH by increasing the expression Figure 5 . The reduced to oxidized glutathione ratio (GSH/GSSG) from rats with weight bearing (control), 3 days of hind-limb unloading (3d HU), 7 days of hind-limb unloading (7d HU), and 14 days of hind-limb unloading (14d HU). Values are mean 6 standard error of the mean. The effect of age was independent of hind-limb unloading. ANOVA ¼ analysis of variance.
of the rate-limiting enzyme involved in the synthesis of GSH, c-glutamylcysteine synthetase (GCS). The transcription factors, activator protein-1 (AP-1) and nuclear factorjB (NF-jB), have been shown to be redox sensitive and modulate gene expression of GCS (30, 33, 34) leading to increased GSH levels. Thus, the increased GSH levels in muscles from aged rats in the current study could result from the increased activity of GCS.
Adaptation of Antioxidant Systems to Muscle Disuse
There are many studies investigating the effects of muscle disuse on the intracellular adaptation of skeletal muscles; however, the investigations are mainly done on muscles from young or adult rats (5) (6) (7) 20, (35) (36) (37) . Few studies investigate the adaptative ability of the antioxidant systems in skeletal muscles to muscle disuse in aged animals (38) . In general, muscle disuse induces greater oxidant production (5) (6) (7) 36, 37) , accumulation of oxidative modified proteins (9) , and antioxidant adaptations (5) (6) (7) 36, 37) in muscles from young and adult rats. Consistent with previous research, the results of this study show that hind-limb unloading increased oxidative stress of the muscle as indicated by the increased catalase activity. The increased catalase activity with muscle disuse is reported in other studies that have a muscle disuse duration similar to that of our study (5, 9) . The finding of the unchanged activity of GSH peroxidase with muscle disuse is also consistent with the studies that have a muscle disuse duration similar to that of our study (5, 9) . In contrast, two studies report an increase of Cu-Zn SOD activity (5, 9) , whereas our present data showed no change of Cu-Zn SOD activity with muscle disuse. The different results of the enzyme adaptation with disuse are likely due to different models of muscle disuse as well as different ages of the rats that were studied. For example, both Kondo and coworkers (5) and Selsby and Dodd (9) used limb immobilization by cast as the model whereas we used hind-limb unloading as the model of muscle disuse. In addition, different from the study by Kondo and coworkers, which investigated the antioxidant responses to disuse of young rats (15 weeks old), this current study investigated the responses of the adult and aged rats (13 months and 26 months, respectively).
The novel finding of the current study was the agedependent response to muscle disuse. In general, the GSH level is maintained in soleus muscles from adult rats but is depleted in the muscles from aged rats with disuse. The GSH level in the muscles from aged rats decreased to 40% of the control value with 14 days of hind-limb unloading. The age-dependent response to muscle disuse is also observed in intracellular tGSH levels. The tGSH level of aged muscles decreased to 42% of the control value with 14 days of hind-limb unloading. These decreases in GSH and tGSH levels compromise the overall antioxidant defense capacity of the aged muscle. Thus, this response of aged muscles to disuse implies a negative adaptation to cell survival.
Potential Mechanisms to Explain the Age-Dependent GSH Adaptation With Disuse
The differential intracellular GSH and tGSH response of soleus muscle to disuse between adult and old rats implies that the positive increase in GSH levels during the aging process leaves the aged muscles with fewer reserves and less adaptation ability.
The finding of the dramatic decrease of GSH and tGSH levels in the aged muscles with 14 days of disuse suggests that muscles with 14 days of disuse have (a) greater GSH consumption or/and (b) lower GSH production compared to the muscles in control weight-bearing animals.
Greater GSH consumption.-The greater GSH consumption is likely due to increased GSH utilization and efflux. GSH is utilized (a) to detoxify oxidants by direct conjugation (catalyzed by glutathione S-transferase [GST]) and (b) as an electron donator in a redox reaction (catalyzed by GSH peroxidase). In the redox reaction, GSH is recycled by GSH reductase; however, GSH is consumed in direct conjugation with oxidants. In addition, GSH conjugates, GSH, and GSSG can be transported out of cells by c-glutamyl transferase (GGT), a membrane-bound enzyme that breaks the c-peptide bond of the GSH and degrades it. When the redox balance of cells is disrupted, intracellular GSSG and GSH-protein adducts accumulate and the GSH level decreases. The increased GSSG and GSH-protein adducts could be transported out of the cell, thus decreasing the intracellular tGSH level (31) . As a vicious cycle, the decreased GSH level reduces the activity of enzymes that catalyze the reducing reaction of GSSG and GSH-protein adducts (39) .
Thus, it is possible that reactive oxygen species (ROS) production significantly increases in the aged muscles with 14 days of disuse and the increased GST and GGT activities catalyze the utilization and efflux of the GSH in the cells. This hypothesis needs to be further tested.
Lower GSH production.-GSH production is affected by substrate availability and the synthesis rate. Cysteine is the limiting amino acid for GSH synthesis because the concentrations of glutamate and glycine are relatively high intracellularly. Factors that influence cysteine metabolism (such as insulin and growth factors) affect the intracellular GSH level. The synthesis of GSH is catalyzed consecutively by GCS and GSH synthetase. GCS expression and its activity are modulated by factors such as inflammation and oxidative stress at transcriptional, translational, and posttranslational levels. As discussed earlier, the greater GSH level of muscles with aging is a compensatory adaptation to the oxidative stress.
Thus, the dramatic decrease of GSH and tGSH levels in aged muscles with 14 days of disuse could be due to (a) the limitation of cysteine availability of the cells or (b) the fact that GCS cannot further adapt to the increased oxidative stress in the aged muscles with 14 days of disuse. Further investigation is needed to test this hypothesis.
Summary
Hind-limb unloading induced adaptations of antioxidant systems in the soleus muscles from both adult and old rats. This adaptation, however, was different between adult and aged muscles. In adult muscles, the levels of GSH and tGSH were maintained at the control level. In contrast, the levels of GSH and tGSH in the aged muscle were significantly reduced by 14 days of hind-limb unloading. This dramatic decrease in the GSH levels in aged muscles may compromise the overall antioxidant capacity of the aged muscles. The compromised antioxidant capacity of the aged muscles with muscle disuse may predispose the proteins in the soleus muscle to damage. Future studies are needed to investigate the possible mechanisms of the impaired adaptation of GSH to disuse in the muscles of old animals.
